This paper addresses strength and deformation capacity of squat reinforced concrete shear walls that are not designed for seismic actions. The seismic behavior of such walls is investigated in the framework of the study focussing on seismic evaluation of existing buildings. The results of a series of static-cyclic tests are presented and compared with data from the literature. The test series includes four lightly reinforced concrete shear walls in 1:3 scale of which horizontal reinforcement, axial force ratio, and concrete compressive strength is varied. Although brittle shear failure was predicted for the specimens, it is observed that lightly reinforced shear walls can have significant deformation capacity that is not affected by the ratio of horizontal reinforcement. It is also found that the flexural strength governs the observed strength in the tests while ultimate drift was limited by shear failure.
Introduction
Increased knowledge of seismic hazard in countries with moderate seismic exposure has necessitated the formulation of evaluation methods for structures that are not designed to withstand earthquake actions. In this context, experimental studies not only provide physical insight into force resisting mechanisms for development of models, but also the data to calibrate them, so that safe and efficient evaluation methods can be achieved. Since deformation based methods promise more realistic results than the force based methods, the former should be applied on existing buildings too [1] . Nevertheless, the characteristic details of existing buildings can lead to restricted deformation capacity which is investigated in this paper.
Reinforced concrete shear walls represent one of the most widespread bracing system for buildings. Post-earthquake reconnaissance missions report surprisingly good seismic behavior of structural wall buildings [2] while evaluation of existing buildings according to modern standards concludes often on insufficient safety margins [3] . An important number of existing buildings is stabilized by shear walls that are only designed for gravity loads, and not for lateral loads. Low reinforcement ratios, slenderness ratios less than 2.0, and inadequate seismic detailing characterize such walls. According to widely held views, squat reinforced concrete walls with low reinforcement ratios are susceptible to brittle shear failure restricting deformation capacity. Poor seismic performance is thus expected. Regarding the restricted deformation capacity that is associated with shear mechanisms, recent building codes prevent explicitly shear failure by the use of capacity design (EC8 [4] , SIA 262 [5] ). This paper includes a database of shear wall tests. Criteria for the selection of the tests are configurations of existing buildings in Middle Europe and particularly in Switzerland [6] . Shear failure modes of squat walls [7] are discussed, and the relevance of these failure modes is shown for walls of rectangular cross-section that form the database. The study reveals that data from staticcyclic tests of walls prevalent in the described existing buildings were not yet available.
In this context, the paper reports a series of static-cyclic tests that is explicitly defined to investigate the deformation capacity of lightly reinforced concrete shear walls of existing buildings. The test series is a part of a research program that focuses on seismic evaluation of such structures. Variation of parameters, such as concrete compressive strength, axial force ratio, and horizontal reinforcement ratio, allowed both the identification of relevant failure modes and the observation of various failure modes that bound shear strength and ultimate drifts. Finally, the test results are compared with the database in terms of nominal shear stress ratio and drift.
Building configurations
Configurations of existing buildings in Switzerland are reported by Peter [6] .
A typical existing building for which seismic evaluation would be required has between five and eight storeys. These buildings are usually stabilized by shear walls or by a mixed frame-wall system, and in-situ casted slabs of reinforced concrete. The shear walls are of 4 to 9 m length and 0.18 to 0.25 m in thickness. Prevalent cross-sections are rectangular or composed of rectangular cross-sections. Distributed horizontal and vertical reinforcement with ratios of 0.2 to 0.8 % is characteristic for such walls. In general, the reinforcing steel provides hardening ratios greater than or equal to 1.15 and uniform strains greater than 6 %. Finally, the concrete compressive strength meets values between 20 and 50 MPa.
Failure modes
Failure modes describe the physical reason for the rupture of a structural element. Because of the different material properties of reinforcing steel and concrete, a number of failure modes can occur depending on parameters such as type of cross-section, reinforcement detailing and quantities, properties of reinforcing steel, concrete compressive strength, and boundary conditions. Paulay et al. [7] have reported failure modes for squat shear walls that are likely to fail in shear. Accordingly, diagonal tension failure can occur when a diagonal corner to corner crack forms in case of insufficient amount of horizontal reinforcement. Furthermore, monotonically loaded walls with large flexural capacities and adequate horizontal reinforcement may fail in diagonal compression. The concrete crushes in the compression zone near to the base of the wall. For cyclic loading, two sets of diagonal cracks appear, and concrete crushing can extend over the entire length of the wall due to degradation that is provoked by the load reversals.
Another reported failure mode by Paulay et al. [7] is sliding shear. Originated by flexure, a continuous horizontal crack develops along the base of the wall. Since the efficiency of aggregate interlock decreases as the number of cycle increases, the crack slip becomes important, and the wall displacements include a significant portion due to sliding, especially at the load reversals.
This phenomenon results in pinching of hysteretic loops that reduces energy dissipation.
Shear wall database

Static monotonic tests
Maier and Thürlimann [8] studied the behavior of barbell shaped and rectangular shear walls subjected to monotonic and cyclic loading. The specimens were tested as cantilevers that have uniformly distributed vertical reinforcement and horizontal reinforcement ratios of 0 and 1.1 %. Of particular interest for this study are specimens S4 and S9 on which constant axial load and monotonically increasing lateral load were applied. Details of these specimens are shown in Tab. 1. Specimen S9 was a replica of specimen S4 but without horizontal reinforcement. It was observed that the horizontal reinforcement had only minor influence on the peak load whereas the failure mode changed and the ultimate drift decreased. Specimen S4 failed in diagonal compression.
Diagonal tension failure was reported for specimen S9.
A study of walls with concentrated boundary reinforcement was conducted by Lefas et al. [9] . One of the parameters of this study was the amount of horizontal reinforcement (0.37 %, 1.1 %) while the vertical web reinforcement ratio was equal to 2.4 %, and the specimens had 3.1 % boundary reinforcement ratio (Tab. 1). The test set-up consisted of simple cantilevers with tip load. Although the amount of horizontal reinforcement was almost reduced by a factor of three, this reduction seemed to have minor consequences on failure mode, peak load, and achieved drift. The specimens failed in diagonal compression failure and it was concluded that the concrete compression zone contributes significantly to the overall shear strength of the wall.
Static cyclic and dynamic tests
The static-cyclic behavior of squat walls of rectangular and flanged crosssections was addressed by Paulay et al. [7] . In the context of this paper, the specimen Wall1 is of particular interest. Its horizontal reinforcement ratio (1.6 %) was double the vertical one (0.8 %). The specimen was designed without strong boundary reinforcement (Tab. 1) and it was only subjected to lateral static-cyclic load. Axial force was not applied on this specimen. The response of this specimen was dominated by sliding shear. Significant strength loss originating from degradation of aggregate interlock occurred at displacement ductility of µ ∆ = 4. In addition, stable diagonal cracking was observed and displacements due to sliding movement yielded up to 65 % of the total displacements.
Salonikios et al. [10] carried out an experimental investigation of the validity of the design provisions of EC8 [4] for walls of height to length ratios of 1.0 and 1.5. Parameters of this test series were the web reinforcement ratios, the amount of boundary reinforcement, and the presence of diagonal reinforcement. The specimens were tested as cantilevers. Displacement ductilities up to 5.3 were observed. Furthermore, sliding shear was evident for the specimens without diagonal reinforcement which are the specimens LSW1, LSW2, and LSW3 (Tab. 1). Failure occurred due to local damage such as concrete spalling and rebar buckling at the edges of the walls. The reduction of verti-cal and horizontal reinforcement ratios from 0.57 % to 0.28 % and boundary reinforcement from 1.7 % to 1.3 % neither affected the failure mode nor the observed drift. However, it was concluded that the lack of diagonal reinforcement anchored in the wall foundation leads to pinched hysteretic loops and diminution of energy dissipation.
Fouré [11] reported static cyclic tests of walls with height to length ratios of 0.5 that had full rotational restraint at the top and that were subjected to axial force ratios of almost 0.03. The specimens failed in diagonal tension. Horizontal reinforcement did marginally affect strength and deformation capacity while vertical reinforcement was seen to be necessary for both flexure and shear.
To investigate the unexpected good behavior of Chilean buildings in past earthquakes, Hidalgo et al.
[12] studied specimens that were designed to fail in diagonal tension. Important properties of these specimen were strong vertical boundary reinforcements (6 to 11 cm 2 ), rotational and vertical restraining of the top section, and web reinforcement ratios between 0 and 0.38 %. Only the specimen with height to length ratios of 1.0 are reported herein (Tab. 1).
Diagonal tension failure restricted the strength of the walls so that the observed strength was between 36 and 73 % of the base shear at nominal flexural strength.
Rothe [13] investigated experimentally the static-monotonic, static-cyclic, and dynamic behavior of cantilever walls with rectangular and flanged cross-sections.
Of particular interest are the specimens T01, T04, T10, and T11 because of their different failure modes. The reinforcement arrangement of these specimens was the same except for specimen T04, for which the horizontal reinforcement was omitted. The specimen T01 failed because of rupture of ver-tical rebars while diagonal tension caused failure of the specimen T04. Both specimens were tested on a shaking table. Sliding shear was observed in the static-cyclic test of T10. Specimen T11 was subjected to an axial force ratio of 0.07 and failed in diagonal compression. It was concluded that a sliding shear mode of failure would not occur in dynamic tests because dynamic sliding shear strength was considered to be significantly greater than that of the static case.
Experimental study
The test series which includes four specimen focuses on shear dominated response of walls that are not designed for earthquake actions. The test series investigates the deformation capacity of lightly reinforced concrete shear walls under reversed static-cyclic loading. The goal of this experimental study is to contribute to a more realistic seismic evaluation of existing shear-wall buildings that were built prior to the introduction of earthquake-resistant design recommendations into building codes. Parameters of the test series are the axial force ratio, the horizontal reinforcement ratio, and the concrete compression strength. The test program is illustrated in Fig. 1 . The impact that different detailing of transversal reinforcement and lap splicing of vertical reinforcement can have on deformation capacity is not investigated in this study.
Test set-up
The specimens represent at a 1:3 scale the lower part of a shear wall of an existing building. It is assumed that a simple cantilever subjected to both con- The reinforcement of the specimens is illustrated in Fig. 3 . Mild steel rebars of 6 mm diameter form the vertical reinforcement for all specimens and the horizontal reinforcement of specimen M1 while cold formed rebars of 4 mm diameter were used for the horizontal reinforcement of specimens M3 and M4.
Mean values of the mechanical properties of the rebars are shown in Tab. 3.
The vertical reinforcement is enclosed by the horizontal reinforcement in the form of stirrups with end hooks of 135
• that are anchored in the core concrete.
The openings of the stirrups are staggered along the wall height. Rebars of 12 mm diameter were used for the reinforcement of the head beam and the footing.
Testing procedure and loading history
The instrumentation of the specimens with force transducers, displacement transducers and deformeter targets allowed to monitor loads, in-plane displacements and strains on the concrete surface, respectively. The load was quasi-statically applied in small increments up to a target displacement or a target force. At this point the displacement was kept constant in order to capture high-resolution images, measure crack widths and record strains on the surface. The force decreased during this time by 10% to 15 %. Finally, the specimen was gradually unloaded.
Force and displacement controlled loading histories were applied in order to simulate seismic actions by reversed static-cyclic loading. Specimens M1 and M2 were cycled at 25, 50, 100, 150 kN base shear and nominal axial force of 136 kN (Fig. 4) . Two cycles were applied at each level of base shear. The specimens were then subjected to three cycles at 200 kN base shear which was near to the base shear at nominal flexural strength. Because of the limited load capacity of the actuators, further increase of base shear was not possible. The vertical post-tensioning force was then decreased to 106 kN and the specimen was subjected to two cycles of lateral loading. Subsequently, the vertical posttensioning force was reduced to 86 kN and the specimen was cycled up to failure. Specimens M3 and M4 were subjected to constant nominal axial forces of 136 and 76 kN, respectively (Fig. 5) . The cyclic loading regime of these specimen included load increments of 25 kN up to 75 % of the base shear at nominal flexural strength and displacement increments corresponding to the top lateral displacement at 75 % base shear at nominal flexural strength.
Test results
The force-displacement relationships are shown in Fig. 6 . In addition to the observed responses, the plots include a bilinear approximation of the load- During the test of specimen M2, residual displacements were already observed at a value of base shear equal to 150 kN. As for specimen M1, the slope of the response curve diminished at the predicted yield of the outermost rebars.
Reduce in stiffness due to both diminution of axial force and increasing num- The maximum shear capacity of specimen M4 was observed at 2.8 mm top lateral displacement (Tab. 4). The crack pattern at maximum base shear was very similar to that of specimen M3 but the hysteretic loops of specimen M4 are more pinched than those of the other specimens (Fig. 6) . Spalling of the concrete cover at the wall toes was observed at 4.9 mm top lateral displacement. The outermost vertical rebars buckled at the displacement level of 7 mm. Nevertheless, the shear capacity at the subsequent displacement level of 9 mm was almost equal to the base shear at nominal flexural strength.
The shear capacity decreased in the second cycle at this displacement level by 13 % while in previous cycles up to 7.5 % loss of shear capacity due to repeated loading was observed. Further increase in displacement led to the failure of both the vertical rebars in tension and concrete in compression at the wall edges. The maximum top lateral displacement yielded 12.5 mm.
Discussion of test results
Strength, top lateral displacements and achieved ductility are shown in Tab. 4.
Failure of the specimen is assumed to occur when the shear capacity falls below 80 % of the shear capacity that was observed in the second cycle at the top lateral displacement corresponding to the maximum observed base shear. The ductility is then computed from the ultimate displacement and the extrapolated displacement at first yield.
The drift capacity of all specimens is greater than or equal to 0.8 %. The test results of specimens M2, M3, and M4 indicate that the higher the axial force ratio, the lesser is the drift capacity. For specimen M1, the smallest drift capacity was observed due to concentration of deformations in the base crack. This concentration depends on concrete quality, the axial force ratio and the detailing of horizontal reinforcement. Although significant degradation of shear capacity was observed, the vertical load bearing capacity of the wall was maintained until the end of the test.
The concentration of deformation in the base crack reduces the effect of aggregate interlock because of significant crack widths. Thus, the compressed part of the wall contributes almost solely to the transfer of shear forces to the footing. Taking into account the low ratio of vertical reinforcement, inclined tensile strains that can cause inclined cracking are less important for lower axial force ratios and diagonal tensile failure is prevented. This is evident when comparing the behavior of specimens M3 and M4.
Due to sliding movements in regions of the interconnected cracks at the base of the wall, residual displacements increase as the axial force ratio decreases. The tested specimens had no construction joint between the footing and the wall. 
Comparison of tests with database
The experimental study and shear wall tests from the literature (Tab. 1) are compared in terms of nominal shear stress ratio and drift. In Figure 9 the nominal shear stress ratio is plotted against drift. The nominal shear stress ratio was derived from maximum base shear while the drift was calculated from the ultimate top lateral displacements. The designations of the specimens in the plot refer to Tabs. 1 and 2. Specimen M3 shows good performance when compared with the specimens LSW3 [10] , and S4 [8] . All four specimens were subjected to axial force ratios of nearly 7 %. The nominal shear stress ratios are between 0.45 and 0.6. Although these specimen have a similar drift capacity Lower shear span ratios, stronger boundary reinforcement and restrained top sections lead to less deformation capacity and diagonal tension failure.
Conclusions
Static-cyclic tests of lightly reinforced concrete wall specimen that model shear walls of existing buildings in Switzerland indicate other failure modes and drift capacity than one would expect from data available in the literature. The flexural capacity of the specimens limited the maximum observed base shear whereas shear related failure modes such as sliding, diagonal compression, and diagonal tension restricted the deformation capacity of the specimens.
The variation of concrete compressive strength and of axial force ratio lead to crack patterns that are substantially different. It was further observed that damage due to reversed static-cyclic loading accumulates near the base of the wall thereby degrading the concrete in sliding, compression, and tensile straining.
The study also showed that shear walls that were only designed for gravity loads can have drift capacity greater than 1 %. The comparison with other tests from the literature shows that for squat walls, the drift capacity depends on axial force ratio, vertical reinforcement arrangement, and degree of restraining at the top of the wall. Cantilever shear walls without rotation restraints are less susceptible to brittle shear failure than walls with fixed top ends.
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